Wheat stripe rust (caused by Puccinia striiformis f. sp. tritici) is a major threat in most wheat growing regions worldwide, which potentially causes substantial yield losses when environmental conditions are favorable. Data from 1999 to 2015 for three representative wheat-growing sites in Luxembourg were used to develop a threshold-based weather model for predicting wheat stripe rust. First, the range of favorable weather conditions using a Monte Carlo simulation method based on the Dennis model were characterized. Then, the optimum combined favorable weather variables (air temperature, relative humidity, and rainfall) during the most critical infection period (May-June) was identified and was used to develop the model. Uninterrupted hours with such favorable weather conditions over each dekad (i.e., 10-day period) during May-June were also considered when building the model. Results showed that a combination of relative humidity >92% and 4°C < temperature < 16°C for a minimum of 4 continuous hours, associated with rainfall #0.1 mm (with the dekad having these conditions for 5 to 20% of the time), were optimum to the development of a wheat stripe rust epidemic. The model accurately predicted infection events: probabilities of detection were $0.90 and false alarm ratios were #0.38 on average, and critical success indexes ranged from 0.63 to 1. The method is potentially applicable to studies of other economically important fungal diseases of other crops or in different geographical locations. If weather forecasts are available, the threshold-based weather model can be integrated into an operational warning system to guide fungicide applications.
May-June were also considered when building the model. Results showed that a combination of relative humidity >92% and 4°C < temperature < 16°C for a minimum of 4 continuous hours, associated with rainfall #0.1 mm (with the dekad having these conditions for 5 to 20% of the time), were optimum to the development of a wheat stripe rust epidemic. The model accurately predicted infection events: probabilities of detection were $0.90 and false alarm ratios were #0.38 on average, and critical success indexes ranged from 0.63 to 1. The method is potentially applicable to studies of other economically important fungal diseases of other crops or in different geographical locations. If weather forecasts are available, the threshold-based weather model can be integrated into an operational warning system to guide fungicide applications.
Wheat stripe rust (WSR) or yellow rust, caused by the biotrophic fungal pathogen Puccinia striiformis Westend. f. sp. tritici Ericks, is one of the most damaging diseases of wheat worldwide (Hovmøller et al. 2011; Justesen et al. 2002; Line 2002; Pasquali et al. 2010; Wellings and McIntosh 1990) . The disease potentially causes substantial yield loss if proper control methods (e.g., a combination of resistant cultivars and fungicide sprays) are not available or are incorrectly applied (Sache 2000) . WSR was identified for the first time in Luxembourg in 1999 . Economic thresholds have long been advocated as a mean of predicting whether impact of disease is sufficient to warrant fungicide application (Zadoks 1985) . In Luxembourg, preventive fungicide applications following a phenology-based calendar are integral to wheat production, with two or three foliar treatments being applied routinely. The first treatment is applied during stem elongation to control early season fungal diseases (i.e., wheat powdery mildew and eyespot); the second treatment is typically applied at flag leaf emergence to protect against Septoria leaf blotch; and the third is occasionally applied at early flowering to protect against Fusarium head blight (El Jarroudi et al. 2009 Jarroudi et al. , 2015 .
Conceptual modeling approaches based on phenological and meteorological variables can contribute to develop tools that help to optimize decision-making in fungicide application (El Jarroudi et al. 2015; Verreet et al. 2000) . In wheat, early predictions of disease risk and/or progress on the upper leaves are required to avoid unnecessary applications of fungicide (Rowlandson et al. 2015; Young et al. 2003) . Furthermore, for effective control of WSR epidemics and to protect yield, sprays should be performed before symptom appearance (Paveley et al. 2000) , namely on the upper leaves from which at least 45% of grain carbohydrate is derived (Lupton 1972) .
The reproduction of P. striiformis under natural conditions can be asexual (Van den Bosch et al. 1988) or sexual (Jin et al. 2010; Rodriguez-Algaba et al. 2014; Tian et al. 2016; Zhao et al. 2013) . Stripe rust epidemics are the outcome of interactions between susceptible host cultivars, favorable environmental conditions, and sufficient quantities of pathogen inoculum (Zadoks 1985) . In most seasons, environmental conditions during spring and early summer in Luxembourg are conducive to the production of large quantities of spores, which are further dispersed from a few centimeters to thousands of kilometers, before eventually reaching a susceptible host plant Sache 2000) . The sporulation capacity and infection efficiency of P. striiformis are mainly affected by air temperature (T), leaf-wetness duration, and light intensity (de Vallavieille-Pope et al. 1995) . Urediniospores of P. striiformis require a relative humidity (RH) near saturation for at least 3 h to germinate (Rapilly 1979) and are sensitive to an interruption of the wet period during germination (de Vallavieille-Pope et al. 1995) . The presence of free water on the leaf surface is also essential for spore germination (de Vallavieille-Pope et al. 1995; Lemaire et al. 2002; Rapilly 1979) . Thus, rain is often considered conductive to disease spread because rain events are generally followed by extended periods of leaf wetness (Rapilly 1979; Sache 2000) . Once sporulation begins, individual rain events of short duration and/or low intensity will have no noticeable effect on further spore removal (Geagea et al. 1999 (Geagea et al. , 2000 Sache 2000) . However, extended or intense rain showers exhaust available spore stocks and inhibit further sporulation processes for hours (Geagea et al. 1999 (Geagea et al. , 2000 . Air temperature requirements for the various development phases from germination to sporulation differ slightly: with lower optima ranging between 10 and 15°C, and maxima around 20°C (Sache 2000) .
Studies dealing with nighttime weather conditions and wheat leaf rust (caused by P. triticina) in winter wheat (El Jarroudi et al. 2014a, b; Junk et al. 2016) indicate that its development requires at least 12 uninterrupted hours with conditions of 8 < T < 16°C, associated with RH >60% (optimal values being T = 12 to 16°C, RH = 80%) and rainfall (R) <1 mm. Although the conditions fostering WSR development have been extensively studied and discussed (e.g., de Vallavieille-Pope et al. 1995 Geagea et al. 1999; Sache and de Vallavieille-Pope 1993) , the combined effect of weather variables conducive to infection by P. striiformis and subsequent progress of WSR in the field has not been fully established. The overall objective of this study was to develop a weather-based infection risk model for WSR. Specific objectives were to (i) characterize the optimum set of weather variables conducive to the development of WSR in commercial winter wheat fields, and (ii) develop and evaluate the performance of a threshold-based model to predict infection events by P. striiformis in the field.
Materials and Methods
Experimental fields and disease monitoring. Field experiments were established at three sites in Luxembourg (Burmerange, Christnach, and Everlange; Fig. 1 ) during the 1999 to 2015 cropping seasons. All the sites were located in the Gutland region, which is one of the main cereal production areas in Luxembourg: Burmerange and Christnach are in the Grevenmacher district; and Everlange is in the Diekirch district (Larue 2012; MAVPC 2015; STATEC 2000) . To ensure the representability of wheat growing areas, the fields were selected based on two criteria: firstly their location on a plateau (since winter wheat is cultivated primarily on plateaus in Luxembourg), and secondly the climatic region (MAVCP 2016).
The experiment sites at Burmerange and Christnach were located in a commercial wheat field (selected in collaboration with the Administration des Services Techniques de l'Agriculture du Luxembourg); while the experimental plots at Everlange were part of a large experimental site of the Lycée Technique Agricole d'Ettelbrück. All crop management practices at the latter site were similar to those in commercial fields, except the fungicide treatment. The study sites were planted with several wheat cultivars showing a range of susceptibility to WSR (Table 1) , and trials were designed in a randomized block with four replicates (one replicate plot size = 8.0 × 1.5 m). No fungicide was applied on plots monitored during this study. Sowing and harvest methods, as well as crop practices, were typical of wheat production in Luxembourg (El Jarroudi et al. 2009; Larue 2012) . Plant growth stages (GSs) were assessed according to the Zadoks decimal scale (Zadoks et al. 1974) . Hourly weather data (T, RH, and R) were collected from nearby (<2 km) automatic weather stations (Fig. 1) .
Visual assessments of WSR (incidence and severity) were made on a weekly basis from GS 29-30 (stem elongation) to GS 85 (soft dough). WSR was identified on the basis of yellow to orange, round to ovoid, erumpent uredinia that were 1.0 to 1.5 mm in diameter, scattered on both the upper and the lower leaf surfaces . Disease incidence (proportion of symptomatic plants) and severity (percent leaf area diseased) were assessed on the same 10 plants in each plot throughout the growing season (these plants were marked at the beginning of the field experiment). To minimize errors, standard area diagrams for cereal diseases were presented to evaluators who assessed the severity in the field, and disease severity assessment training software (i.e., DISTRAIN, Tomerlin and Howell 1988) was used by the evaluators. Both aids were used to ensure accuracy of estimates. Furthermore, the same evaluators assessed the same experimental sites in each season to minimize season-to-season rater-associated variability.
Modeling weather and disease data. The modeling approach (Fig. 2) is a stepwise approach consisting of i) the determination of the potential range of weather conditions conducive to WSR in Luxembourg using a stochastic approach, and ii) the determination of optimum classes of combined weather variables (T, RH, and R) conducive to the disease and building of a weather threshold based model for predicting WSR infection events. These steps are detailed in the following sections.
The stochastic approach: the Dennis model and Monte Carlo simulation. Several modeling approaches are used to develop WSR models, ranging from statistical relationships between meteorological variables and disease severity (Coakley et al. 1988; Magarey et al. 2005) , to mechanistic modeling (Krause and Massie 1975; Reinink 1986 ). To describe the infection of wheat by P. striiformis, Dennis (1987) proposed a multiple regression model based on air temperature and surface wetness period: 
where I corresponds to percentage leaf area diseased (%); T is the air temperature (°C), and WP describes the wetness period (h). Negative values = 0.
Monte Carlo simulation provides a means of modeling disease epidemics based on the generation of random dataset (Johansen 2010; L'Ecuyer 1996; Luo et al. 1993; Muralidhar 2003) . Monte Carlo simulation was selected because a large number of input data can be generated to feed into the model and test various scenarios. In our study, for the calculation of each value of I according to the Dennis model, random values of T and WP were generated following a normal distribution. T and WP values were selected from the ranges 0 to 33°C, and 0 to 30 h, respectively. 10,000 random values were generated for each weather variable T and WP (i.e., 10,000 combinations of random values of T and WP were used for the calculations). Those values corresponded to the observed daily variation in weather conditions during 1999 to 2001 at the study sites during two key periods of the cropping season, i.e., spring (21 March to 21 June) and early summer (10 May to 10 July). These two periods were chosen because early infections during spring (21 March to 21 June) can foster the progress of WSR later in the growing season (if weather conditions are conducive).
Determination of optimum classes of combined weather variables and model development. Subsequent to the determination of plausible weather conditions conducive to WSR, a detailed analysis was performed using hourly weather data in order to characterize the optimum class of combined weather variables conducive to WSR. This analysis was restricted to the most critical infection period (May-June). Indeed, because the development of the upper three leaves L1-L3 (L1 being the flag leaf) in winter wheat in Luxembourg generally takes place in May-June (representing approximately GS 33-37 to GS 77-85), infections by P. striiformis and resulting WSR can therefore potentially harm yield given the importance of these three leaves to wheat yield.
Based on the Monte Carlo simulation outputs and the observed incidence of WSR, different intervals of hourly T, RH, and R were individually analyzed and ranked according to their frequency during each of the dekads (i.e., 10-day period) for the May-June period. Reported ranges of plausible weather conditions influencing WSR (Dennis 1987; de Vallavieille-Pope et al. 1995 Rapilly 1979) were also used for defining these intervals. The predominant interval of T and R thus determined was associated with each interval of RH and the latency period was calculated based on the class of combined weather variables.
Two lengths of uninterrupted hours (minimum 4 h or minimum 8 h) when such weather conditions were met were also considered (Fig. 2) . Given the difficulty of measuring WP in the field, the combination of such weather variables during uninterrupted hours is deemed to mimic leaf wetness conditions that would favor WSR epidemics (Junk et al. 2008; Huber and Gillespie 1992; Wilks and Shen 1991) . Establishing such relationships aimed to determine the optimum combination of weather variables based on a given threshold frequency, i.e., frequency of this class over a dekad.
At the completion of the latency period, an infection event was simulated. The latency period was calculated as follows (Zadoks 1971) : P = ð1005 + 11:3TÞ=ð2:5 + 5:65TÞ (2) where P is the latency period (days), and T is the average daily temperature (°C). We used data collected during the 2000-01 cropping seasons at all sites for model development (data from the 1999-00 season at Everlange was also included). These cropping seasons were selected because a WSR-susceptible cultivar (Flair) was sown at all sites (Table 1) . Severities of WSR were expressed as area under the disease progress curve (AUDPC, Teng 1983) and was calculated for each dekad of the MayJune period (i.e., 1-10 May, 11-20 May, …).
Model evaluation. The capability of the threshold-based weather model to correctly predict the infection events by P. striiformis at the end of the latency period was assessed over the testing period (1999 to 2001) . The performance of the model was assessed based on a contingency table analysis of the probability of detecting (POD) infection by P. striiformis, the false alarm ratio (FAR), and the critical success index (CSI). They were calculated as follows: POD = a/(a+c); FAR = b/(a+b), and CSI = a/(a+b+c), where a, b, and c refer to infections both observed and simulated, infections simulated but not observed, and infections observed but not simulated, respectively (Crown 2012; El Jarroudi et al. 2009; Mahtour et al. 2011 ). An infection event was defined when a significant increase in disease severity (P < 0.05) was found between two successive field observations. When the severity was low (between 0 and 10% to 15%), a new infection was assumed to have occurred when there was >1% increase in severity between the two observations. When the severity was >15 to 20%, the increase was deemed to be >10% to be significant. Because there could be two or three latency periods between two field observations, additional field observations were made if the simulated infection events coincide with the development of leaves L3 to L1.
A further evaluation of the model using the same approach was performed using data collected from experiments conducted during the 2002 to 2015 period (these data were not used in model building, and were thus solely for evaluation of the model). Although the experiment protocol was the same during the model testing and evaluation periods, differences rely on the year-to-year variability of meteorological conditions and the wheat cultivars grown (exceptions were at Christnach in 2003, 2004, 2006, and 2008 where the same cultivar, Flair, was sown; Table 1 ).
The Monte Carlo simulation was performed using S-PLUS 2000 (TIBCO software Inc., Palo Alto, CA). Other analyses including correlation analysis and analysis of variance were performed in R (R Core Team 2015).
Results
Incidence and severity of wheat stripe rust during the study period. First observation of WSR on wheat leaves during 1999 to 2015 varied according to site, year, and wheat cultivar (Supplementary Table S1 ). First symptoms of WSR were generally observed between mid-May and the beginning of June each year, with exceptions at Burmerange and Christnach, where the disease was first recorded as early as 22 April 2014 (both sites) and 27 April 2015 (Burmerange).
During 1999 to 2015, the severity of WSR varied depending on the site and year. At Burmerange, the average severity of WSR on the three upper leaves was #6% (close to 0 in most cases) during 2000 to 2011, but in 2012 to 2015, WSR was as severe as 67% (in 2015) on some leaves (Fig. 3A) . At Christnach, two WSR epidemics can be distinguished: the first during 2000 to 2001, and the second during 2012 to 2015, even though severity of WSR during the latter was relatively low compared with the severity in other years during the same period (Fig. 3A) . However, at Everlange, WSR was observed regularly at moderate to high severity during the study period. Only in 2003 to 2005, 2008 , and 2010 to 2012, was the average disease severity #2%; otherwise, it ranged from 2 to 19%. Less severe epidemics were observed in 1999 to 2002 and 2013 to 2014, although the average severity recorded in 2009 and 2015 was intermediate (Fig. 3A) .
A total of 22 to 42 infection events by P. striiformis were observed on the upper three leaves at Burmerange during 2012 to 2015 (Fig.  3B ), while at Christnach and Everlange, the number of infection events ranged from 12 to 36 and 9 to 30, respectively, during the same period (at all sites, peak values were observed in 2013). Although a total of >30 P. striiformis infection events were recorded on the upper leaves throughout the cropping season, it did not always result in more severe WSR on these leaves (Fig. 3C) . However, total infection events #20 were generally associated with relatively low severity of WSR (#7%). Table 2 . The intervals of air temperature (T), relative humidity (RH) and rainfall (R) considered with hourly data in the frequency analysis during minimum continuous 4-hour and 8-hour periods analyzed for each dekad during the May-June period
Variable Interval
Temperature (°C) 0 < T < 4 4 < T < 8 8 < T < 12 12 < T < 16 8 < T < 16 4 < T < 16 16 < T < 18
Relative humidity (%) RH < 60 60 < RH < 75 75 < RH < 85 85 < RH # 92 RH > 92 Rainfall (mm) R = 0 0 < R # 1 1 < R < 5 R > 5 Fig. 5 . Frequency of different classes of rainfall, relative humidity, and air temperature, as presented in Table 2 , and the observed wheat stripe rust severity on the three upper leaves L1-L3 (L1 being the flag leaf) during the 1999 to 2001 period at the study sites. The severity of WSR is expressed as percentage leaf area diseased.
Fig. 4. Sensitivity analysis of two weather variables (air temperature and wetness period) influencing infection by
Puccinia striiformis resulting in wheat stripe rust. Calculations were performed with 10,000 random values generated using a Monte Carlo simulation and the Dennis model for wheat stem rust (Dennis 1987) .
Weather conditions conducive to infection by P. striiformis and wheat stripe rust in Luxembourg. The Monte Carlo simulation using daily weather data and the Dennis model showed that temperatures varying between 0 and 16°C associated with WP up to 30 h favored different severities of infection by P. striiformis (Fig. 4) . Thus, although infection (percentage leaf area diseased) might generally be #20% when exposed to a WP #6 h, infection could be >60% with conditions of T < 14°C and a WP > 8 h, with the highest level of infection (>90%) occurring at 4°C < T < 12°C and a WP > 12 h (Fig. 4) .
The different classes of hourly T, RH, and R, which were then assessed and ranked over each dekad during the May-June period, are presented in Table 2 . For Burmerange, the period was extended to April because summer-like conditions often occur early at that site. Figure 5 gives the frequencies of each class of meteorological variable based on hourly time data used for the modeling approach (1999 to 2001), along with the observed disease severity (percentage of leaf diseased). At all sites, the predominant temperature classes were 4°C < T < 16°C and 8°C < T < 16°C. Frequencies of the first class in 1999 to 2001 during the May-June dekads ranged from 27 to 90%, 37 to 92%, and 36 to 93% for Burmerange, Christnach, and Everlange, respectively (Fig. 5) . The respective average values were 59%, 65%, and 63% (average values for the second class were 45%, 54%, and 55%, for Burmerange, Christnach, and Everlange, respectively). At all sites, frequency of temperatures between 8°C and 12°C and T > 16°C did not exceed 47% and 36%, respectively (Fig.  5) . Temperatures <4°C were rare during the May-June dekads (temperature <4°C were only recorded in April at Burmerange).
The predominant RH class for the dekads in May-June was RH >80%, followed by RH >92% at Christnach and Everlange. The frequencies varied between 27 and 73%, and 2 and 47%, respectively (Fig. 5) . At Burmerange, the prevailing RH were >80% and 60% < RH < 75% (average respective frequencies of 30% and 27%). The frequency of RH > 92% was not greater than 20% over the 1999 to 2001 period. In the dekads when WSR was observed at all sites, the frequencies of RH > 80% and RH > 92% were the highest. Irrespective of the site, periods without rain or rain # 0.1 mm were the most frequent during periods conducive to infection with P. striiformis (Fig. 5) . Hence, from 1999 to 2001, weather conditions of 4°C < T < 16°C, RH > 92%, and R # 0.1 mm were most strongly associated with infection periods of P. striiformis at the dekadal scale.
Test and evaluation of the threshold-based weather model for WSR (1999) (2000) (2001) . Results from the Monte Carlo simulation suggested that persisting favorable weather conditions over uninterrupted hours a The threshold refers to the frequency of each class of combined weather variables over a dekad during May-June. For example, for all cases where 5% of weather class C1 were observed during a given dekad of May-June, the predicted and observed disease infection events during that period were used to calculate the POD, FAR, and CSI values. b All the classes of combined weather variables are composed of 4°C < temperature < 16°C, rain #0.1 mm, and relative humidity (RH) as defined in the table. c POD, probability of detection, is the probability to forecast correctly the observed event. It ranges between 0 and 1. Perfect score = 1. d FAR, false alarm ratio, is the number of times an event is forecast but is not observed, divided by the total number of forecasts of that event. Perfect score = 0. e CSI, critical success index, takes into account both false alarms and missed events (ranged between 0 and 1). Perfect score = 1.
were important for development of WSR. Thus, the proportions of the optimum class of T (i.e., 4°C < T < 16°C) associated with each of the classes of RH (Table 2 ) and R # 0.1 mm during minimum consecutive 4 h or 8 h periods were analyzed along with the observed severity of WSR for each dekad during the May-June period (Supplementary Fig. S1 ). We denote C1-C5 as the class of combined weather variables 4°C < T < 16°C and R # 0.1 mm associated with, respectively, RH > 92% (C1), 85% < RH < 92% (C2), 75% < RH < 85% (C3), 60% < RH < 75% (C4), and RH < 60% (C5). Next, the frequency of each class of combined weather variables over the dekad was determined and sorted according to different thresholds (i.e., 5 to 35%, in 5% steps). Scores of the contingency table were calculated and assessed according to these thresholds. For instance, for all cases where 5% of weather class C1 were observed during a given dekad of May-June, the predicted and observed infection events during that period were used to calculate the POD, FAR, and CSI values (Table 3) .
The best thresholds are those with POD and CSI values close to 1, and FAR values close to 0. Overall, lower CSI and POD values were obtained for all classes at thresholds >20% (compared with thresholds <20%), regardless of the category of consecutive hours. Conversely, Fig. 6 . Example of simulated wheat leaf rust (WSR) infection events, and observed green leaf area (GLA) and severity of WSR on the three upper leaves (L3 to L1, L1 being flag leaf) at Burmerange during the 2015 cropping season. The severity of WSR is expressed as percentage leaf area diseased.
at thresholds <15%, all classes had the highest FAR values, except C5. At thresholds $20%, infection events by P. striiformis were poorly simulated based on weather conditions defined in the C2 to C4 classes (POD and CSI were very close to, or equal to 0; Table 3 ), irrespective of the category of consecutive hours. The class with the highest scores in both category of consecutive hours and for each of the thresholds was C1 (which is the optimum class found previously). This result confirms simulations of infection by P. striiformis based on the combined weather variables 4°C < T < 16°C, RH > 92%, and R # 0.1 mm, and resulted in the most accurate predictions. But even for C1, the values of FAR diminished as the threshold increased (0.19 to 0.00, and 0.15 to 0.00 at 5 to 35% thresholds for minimum periods of 4 h and 8 h, respectively; Table 3 ). The most accurate simulations based on infection periods for prediction of infection by P. striiformis and subsequent development of WSR using C1 were found at the 15% or 20% threshold during a minimum of 4 h consecutive period over the dekad.
Model performance during the 2002 to 2015 cropping seasons. The threshold-based model for development of WSR was evaluated using the independent data from 2002 to 2015. Infection days and latency periods for P. striiformis were calculated based on periods when the combined favorable weather variables (4°C < T < 16°C, RH > 92%, and R # 0.1 mm) were met. An example of the development of the three upper leaves, along with the simulated WSR infection events and progress, is depicted in Figure 6 . The performance of the model for predicting infection events by P. striiformis on L3 to L1 is presented (Table 4 and Supplementary Table S2 ). Overall, occurrence of WSR was predicted accurately by the model at all sites, with POD values ranging from 0.91 to 1.00 (Table 4) Table 4 ).
Discussion
During plant disease development, interactions between weather variables and the pathogen and host determine whether infection process occurs successfully, and whether the disease develops to a destructive epidemic level that may cause significant economic loss. We explored a threshold-based weather modeling approach for predicting WSR on winter wheat in representative wheat-growing regions across Luxembourg. We emphasized the combined effect of T, RH, and R conducive to infection of wheat by P. striiformis during continuous hours over the critical period for development of WSR at selected sites. Over each dekad during May-June in each season, results showed that a combination of RH > 92% and 4°C < T < 16°C for a minimum of 4 continuous hours, associated with R # 0.1 mm (with the dekad having these conditions for 5 to 20% of the time), were optimum conditions conducive to development of WSR. This is consistent with previous findings where optimum T values ranging from 5 to 15°C, associated with the presence of free water on the leaf, were found necessary for the development of WSR (Dennis 1987; de Vallavieille-Pope et al. 1995 Rapilly 1979 ). Regarding the duration of such optimum weather conditions, Rapilly (1979) noted that the germination of P. striiformis spores require RH near saturation for at least 3 h. Dennis (1987) showed that WP from 3 h at 7 to 10°C to 6 h at 15°C were conducive to infection by the Australian race of P. striiformis 104E137A + . Likewise, de Vallavieille-Pope et al. (1995) found that a minimum continuous dew period necessary for P. striiformis penetration was 4 to 6 h. The conclusions of all these previous studies were based on experiments carried out in laboratory conditions (i.e., controlled). In the present study, experiments were conducted under field conditions (i.e., uncontrolled). The differences we found compared with these previously reported results can be explained by the uncontrolled field conditions (e.g., time of inoculation, amount of inoculum, low infection efficiency, etc.). Indeed, in controlled conditions, the amount of light (intensity × duration) can enhance the infection efficiency of P. striiformis (de Vallavieille-Pope et al. 2000) . Neither the infection efficiency of P. striiformis nor the impact of solar radiation on the development of WSR in field conditions were investigated in this study. As such, integrating information related to the quantity of inoculum of P. striiformis within the disease forecast area (with spore traps for instance) or information related to the infection efficiency in field conditions will improve the overall performance of the model. High inoculum loads of P. striiformis might increase the risk of severe epidemics during the cropping season, if weather conditions are conducive.
Several wheat cultivars with low to relatively high susceptibility were sown during the study period, with a resulting range in incidence and severity of WSR. Although a single cultivar (Flair) was sown in 1999 to 2001 at all sites, the disease severity was significantly different between sites (P < 0.001) and years (P < 0.001). This confirms, in part, that the difference between sites was linked to weather conditions. During the 2012 to 2015 period, epidemics of WSR occurred at all sites. At Burmerange and Christnach (and to a lesser extent at Everlange), there were nine cropping seasons (2003 to 2011) with very low severity of WSR. The previously widespread low disease severity might be explained by presence of the existing pathotype (Yr17) during that time, which subsequently overcame the resistance to WSR in those wheat cultivars planted in Luxembourg and that were previously resistant (Yr17 + ) during the same period . During the 2012 to 2015 seasons, there were WSR epidemics in experiments involving Yr17 wheat cultivars. It is possible that a new race of P. striiformis could have caused more severe WSR epidemics on wheat cultivars with a range of susceptibility to the disease. Indeed, in 2011, a new race of P. striiformis, named 'Warrior', was detected in different European countries including France, Germany, and the U.K. (http://wheatrust.org/; Hovmøller et al. 2015) . Since urediniospores of P. striiformis can spread over large distances , the race Warrior is probably present in Luxembourg. Confirming the existence of Warrior in commercial Luxembourgish wheat fields was not part of this study. Nevertheless, our threshold-based weather model still accurately predicted infection events by the Warrior race of P. striiformis (if its occurrence in Luxembourg is confirmed) over the 2012 to 2015 period, with FAR # 0.20, and POD and CSI ranging from 0.91 to 1, and 0.85 to 1, respectively.
The assessments of weather-based models for predicting infection by P. striiformis and WSR severity in wheat in North America a POD, probability of detection, is the probability to forecast correctly the observed event. It ranges between 0 and 1. Perfect score = 1. b FAR, false alarm ratio, is the number of times an event is forecast but is not observed, divided by the total number of forecasts of that event. Perfect score = 0. c CSI, critical success index, takes into account both false alarms and missed events (ranged between 0 and 1). Perfect score = 1. (Coakley et al. 1988; Eddy 2009) or China (Luo and Zeng 1995) showed that accuracy level ranged from 76 to 96%. Studies on risk of infections of wheat by P. triticina (causing leaf rust) in Luxembourg showed that the infection events were simulated with POD, FAR, and CSI values ranging from 0.95 to 1, 0.06 to 0.20, and 0.80 to 0.94, respectively, based on hourly weather data (El Jarroudi et al. 2014a, b) . The overall performance of the threshold-based weather model developed in this study is quite similar to that developed for wheat leaf rust across the same geographical region. Although the findings are area-specific and may differ in other geographic locations, the underlying hypothesis and approach can be extended to different locations and/or explored for other economically important fungal diseases of other crops. In fields, disease progress depends on contrasting weather and topoclimatic factors that can influence prevalence of the disease and its impacts on final yield. Managing that disease progress with fungicides is required to mitigate adverse effects on yield. The thresholdbased weather model for WSR development evaluated in this study shows encouraging performance and is being adopted as part of a larger decision support system for managing the main fungal diseases in winter wheat across Luxembourg (El Jarroudi et al. 2012 . Efforts are being taken to better define thresholds of disease severity for fungicide application. Disease impact on yield will aid definition of a threshold for fungicide application that is both economically and environmentally optimal. Integrated into a decision support or expert systems, such disease infection risk model, can be used to manage the disease and mitigate its adverse effects on yield.
